We show that reconstitution of NMDA-gated current in Xenopus oocytes, or C. elegans muscle cells, depends on NRAP-1 and that recombinant NRAP-1 can convert silent NMDARs to functional channels. Our data indicate that NRAP-1, secreted from presynaptic neurons, localizes to glutamatergic synapses, where it associates with postsynaptic NMDARs to modify receptor gating. Thus, our studies reveal a novel mechanism for synaptic regulation via pre-synaptic control of NMDAR-mediated synaptic transmission.
INTRODUCTION
Most excitatory neurotransmission in the brain is mediated by the neurotransmitter glutamate, which depolarizes neurons by activating postsynaptic ionotropic glutamate receptors (iGluRs). AMPA, kainate, and NMDA are agonists that preferentially activate different classes of iGluRs. Of these classes, NMDA receptors (NMDARs) have received intense interest because of their unique physiology and pharmacology (Paoletti et al., 2013) . NMDARs function as molecular coincidence detectors and have a central role in cellular models of learning and memory (Nicoll and Roche, 2013) . Additionally, NMDAR dysfunction is implicated in a variety of neurological and psychiatric disorders (Paoletti et al., 2013; Volk et al., 2015; Zhou and Sheng, 2013) . iGluR subunits were first cloned by functional expression (Hollmann et al., 1989) , and for many years these subunits were the only proteins known to contribute to the functional properties of iGluRs. This notion changed with the identification of TARPs (transmembrane AMPAR regulatory proteins) that modify the trafficking of AMPARs (Chen et al., 2000) . Soon after, the first iGluR auxiliary protein shown to modify AMPAR function (SOL-1) was identified in C. elegans by screening for mutants with disrupted glutamatergic signaling (Zheng et al., 2004) . TARPs were subsequently shown to also modify the gating of AMPARs in vertebrates (Tomita et al., 2005) and invertebrates (Walker et al., 2006b; Wang et al., 2008) . It is now firmly established that several classes of auxiliary proteins modify AMPAR function (Farrow et al., 2015; Schwenk et al., 2009; Straub and Tomita, 2012; Zhang et al., 2014) , and recent efforts have also identified auxiliary proteins that modify the function of kainate receptors (KARs) (Copits and Swanson, 2012; Howe, 2015; Tomita and Castillo, 2012; Zhang et al., 2009 ). Our genetic approach in C. elegans to discovering genes required for glutamatergic signaling has identified additional proteins that modify AMPAR function or localization, including SOL-2 (Wang et al., 2012) and CNI-1 (cornichon) (Brockie et al., 2013) . We have now used a new genetic approach to identify NRAP-1, a secreted NMDAR auxiliary protein required for NMDAR-mediated current and behavior.
RESULTS

Identifying Genes Required for NMDAR Function
To date, despite evidence supporting the notion that NMDARs interact with a large number of proteins (Frank et al., 2016) , no auxiliary proteins for NMDARs have been described. With the goal of identifying genes required for NMDAR function, we undertook a screen for genetic modifiers of a behavior dependent on NMDAR-mediated signaling in C. elegans.
The average time C. elegans spends moving in a forward direction before reversing (the forward duration) is increased in glr-1 AMPAR mutants and nmr-1 NMDAR mutants Mellem et al., 2002) . Mutations in egl-3, which encodes a proprotein convertase, can suppress glr-1 mutant defects (Kass et al., 2001; Mellem et al., 2002) . Interestingly, the suppression of glr-1 by egl-3 is dependent on nmr-1. Thus, the average forward duration in nmr-1; glr-1; egl-3 triple mutants 
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(A-D) Average forward duration (mean ± SEM). *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney U test (A, C, and D) or Welch's t test (B) . n = 8 for all genotypes in (A). For genotypes in (B), wild-type, n = 21; ak365, n = 20; gk874318, n = 20; ak365; Pnrap-1::nrap-1::mCherry, n = 13. n = 9 for all genotypes in (C). For genotypes in (D), wild-type, n = 11; ky176, n = 12; ok3474, n = 7; ky176; ok3474, n = 12. (E) NRAP-1 amino acid sequence. Signal peptide (boxed), conserved cysteines (red), residues mutated in nrap-1(gk874318) (asterisks) and nrap-1(ak365) (red arrowhead), region deleted in nrap-1(ok3474) (blue), and predicted N-linked glycosylation (black arrowhead). (F and G) Images of anterior (head) and posterior (tail) neuronal cell bodies in transgenic worms that co-expressed Pnrap-1::nrap-1::SL2::gfp with either Peat-4::mCherry (F) or Pnmr-1::mCherry (G). GFP was tagged with a nuclear localization sequence. Scale bars, 10 mm. is significantly greater than glr-1; egl-3 double mutants (Figure 1A) , and greater than in either glr-1 or nmr-1 single mutants Mellem et al., 2002) .
We discovered that transgenic nmr-1; glr-1; egl-3 triple mutants that expressed a gain-of-function (gf) variant of nmr-1 ( Figure S1A ) had exceedingly short forward durations, shorter even than that observed in glr-1; egl-3 double mutants (that expressed wild-type nmr-1) ( Figure 1A ). The dramatic locomotion defect of nmr-1(gf); glr-1; egl-3 transgenic mutants provided a highly sensitized background in which to screen for genes required for NMDAR function. Thus, we mutagenized transgenic nmr-1(gf); glr-1; egl-3 worms (short forward duration) and screened for mutants with a long forward duration consistent with a loss of NMDAR function. Using this strategy, we identified a mutant (nmr-1(gf); glr-1; egl-3; nrap-1) that was indistinguishable from the nmr-1; glr-1; egl-3 triple mutant ( Figure 1A ).
Whole-genome sequencing and genetic rescue experiments identified a mutation (ak365) in a gene that we named nrap-1 (NMDAR auxiliary protein). Following genetic separation of the nrap-1(ak365) mutation from nmr-1(gf); glr-1; egl-3, we found that the average forward duration in nrap-1(ak365) single mutants was increased, consistent with loss of NMDAR function (Figure 1B) . We found the same change in forward movement in two independent nrap-1 mutant alleles: gk874318 ( Figure 1B ) and ok3474, a large deletion allele ( Figure 1C ). Overexpression of NRAP-1::mCherry using its native promoter (Pnrap-1::nrap-1::mCherry) in transgenic nrap-1(ak365) mutants not only rescued the movement defect, but also significantly decreased the forward duration compared to wild-type, suggesting that NRAP-1 levels regulate the magnitude of NMDAR-mediated current.
We next used genetic analysis to address whether NRAP-1 function was limited to NMDAR-mediated signaling or whether it had additional effects. We found that the behavioral defects in nrap-1(ok3474) and nmr-2(ak7) (NMDAR) single mutants were similar, and that nrap-1 nmr-2 double mutants were indistinguishable from either single mutant ( Figure 1C ). In contrast, the average forward duration of glr-1(ky176) (AMPAR) single mutants was significantly different from nrap-1(ok3474) and an additive effect was observed in glr-1; nrap-1 double mutants ( Figure 1D ). Together, these data strongly support the hypothesis that nrap-1 function is specific for NMDAR-mediated synaptic signaling and behavior.
nrap-1 encodes a predicted glycosylated protein of 183 aa with only two recognizable domains: an N-terminal signal peptide and a 41 aa LDLa domain ( Figure 1E ). The sequence immediately downstream of the LDLa domain was found to be highly conserved in other LDLa domain proteins ( Figures 1E and S1B ). The LDLa domain was first identified as peptide repeats in the LDR lipoprotein receptor. Six disulphide-bonded cysteines in LDLa domains provide a structure that complexes with a Ca 2+ ion and functions in ligand binding (Fass et al., 1997) . LDLa domains have subsequently been identified in a large number of proteins with diverse functions, including AMPAR and KAR auxiliary proteins (Wang et al., 2012; Zhang et al., 2009) , acetylcholine receptor-associated proteins (Gally et al., 2004) , and one class of G protein-coupled receptors (Petrie et al., 2015) . In nrap-1(ak365), a conserved cysteine is mutated to arginine and this mutation is predicted to disrupt the LDLa domain (Fass et al., 1997) , and is thus likely a null. In nrap-1(gk874318) mutants a conserved proline in the LDLa domain is mutated to serine and nrap-1(ok3474) deletes 52 amino acids in the conserved region ( Figure 1E ). Using the BLAST algorithm, we found that NRAP-1 is highly conserved in protostomes, with homologous proteins in insects, beetles, and molluscs ( Figures S1B and S1C) ; however, we did not identify an obvious homolog in deuterostomes.
NRAP-1 Co-localizes with Postsynaptic NMDARs
To begin to address how NRAP-1 contributes to NMDAR-mediated signaling, we first sought to identify which cells express NRAP-1. We generated a bicistronic transcript expressing nuclear-localized GFP downstream of the nrap-1 genomic promoter and coding sequence (nrap-1::SL2::gfp). This transgene was coexpressed in transgenic worms with a second transgene that expressed soluble mCherry in either presynaptic glutamatergic neurons (Peat-4::mCherry) (Lee et al., 1999) or in postsynaptic neurons that express NMDARs (Pnmr-1::mCherry) (Brockie et al., 2001a) . We observed nrap-1::SL2::gfp expression in a subset of the presynaptic neurons that expressed Peat-4::mCherry (Figure 1F ). In contrast, we did not detect nrap-1 expression in postsynaptic neurons that express NMDARs, i.e., Pnmr-1::mCherry ( Figure 1G ). Thus, nrap-1 is expressed in glutamatergic neurons that provide synaptic input to NMDAR-expressing neurons.
To address whether NRAP-1 is found at presynaptic specializations in glutamatergic neurons, we co-expressed a functional full-length GFP::NRAP-1 chimera using the nrap-1 promoter (Pnrap-1::gfp::nrap-1) along with a functional EAT-4::mCherry chimera using the eat-4 promoter (Peat-4::eat-4::mCherry) (Figure S2) . eat-4 encodes a worm homolog of vertebrate vesicular glutamate uptake proteins (Lee et al., 1999) , which are localized to presynaptic release sites (Fremeau et al., 2004) . We found extensive co-localization of EAT-4::mCherry and GFP::NRAP-1 along neuronal processes in the ventral nerve cord (VNC) (Pearson's correlation coefficient [PCC] , 0.52 ± 0.03, p < 0.01, n = 7) ( Figure 1H ). We also found co-localization between GFP::NRAP-1 and a functional mCherry::NMR-2 fusion (Pflp-18::mCherry::nmr-2) ( Figure S2 ) expressed in the AVA interneurons (one of five pairs of neurons that express NMDARs in C. elegans) (PCC, 0.33 ± 0.02, p < 0.01, n = 13) ( Figure 1I ).
The primary amino acid sequence of NRAP-1 predicts a secreted protein. Support for this hypothesis comes from examination of worm coelomocytes. These macrophage-like scavenger cells non-specifically endocytose and degrade proteins in the pseudocoelomic fluid (Fares and Greenwald, 2001 ). NRAP-1 tagged at its C terminus with mCherry can be identified in coelomocytes by mCherry fluorescence, indicating that the protein is secreted into the synaptic space from which it can eventually diffuse and be removed by the coelomocytes (Figure 1J) . Together, these data indicate that while NRAP-1 is a secreted protein, it is found at highest concentration at glutamatergic synapses, suggesting that NRAP-1 interacts with proteins localized at synapses.
nrap-1 Is Required for NMDA-Gated Current
The majority of the glutamate-gated current in AVA interneurons is dependent on AMPARs containing the GLR-1 and GLR-2 receptor subunits, and receptor properties are modified by the auxiliary proteins SOL-1, SOL-2, STG-1/TARP, and STG-2/ TARP (Mellem et al., 2002; Wang et al., 2008 Wang et al., , 2012 Zheng et al., 2004) . In contrast, the NMDAR-mediated current is smaller in amplitude, slower to desensitize, outwardly rectifying, and dependent on the NMR-1 and NMR-2 receptor subunits Kano et al., 2008) . Unlike AMPARs, NMDAR-mediated current is not modified by SOL-1, SOL-2, STG-1, or STG-2 (Walker et al., 2006a; Wang et al., 2008 Wang et al., , 2012 Zheng et al., 2004 ).
Using standard patch-clamp techniques, we recorded in vivo glutamate-gated currents in the AVA neurons of dissected worms. The average peak amplitude of glutamate-gated current (at -60 mV) in nrap-1 mutants (624.3 ± 127.8 pA, n = 3) was not diminished compared to wild-type (634.8 ± 160.6 pA, n = 4) (Figure 2A) . In contrast, the slow, smaller amplitude and outwardly rectifying component, characteristic of NMDAR-mediated current, appeared to be eliminated in nrap-1 mutants. This is consistent with our behavioral analysis indicating that nrap-1 is (C) Average peak current (mean ± SEM). **p < 0.01, significantly different from wild-type by Mann-Whitney U test. *p < 0.05, ***p < 0.001, significantly different from nrap-1 mutants by one-sample, one-tailed Student's t test comparing the mean for each genotype with zero (i.e., no current). Wild-type, n = 10; nrap-1 mutants, n = 12; ak365 + Pnrap-1::nrap-1::mCh, n = 4. ND, no current detected. (D) NMDA-gated currents in AVA. (E) Average peak current (mean ± SEM). Significantly different from nrap-1(ak365) mutants where no current was detected (data not shown); *p < 0.05, **p < 0.01, ***p < 0.001 by one-sample, one-tailed Student's t test. Wild-type, n = 10; Peat-4, Pnmr-1, and Pflp-18, n = 4; Pmyo-3, n = 5. (F) Images of mCherry and GFP fluorescence in the VNC of a transgenic worm that expressed Pflp-18::nrap-1::gfp and Prig-3::mCherry::nmr-2 in AVA. Scale bar, 5 mm. (G) NMDA-gated currents in AVA in wild-type, mutant, and transgenic mutants. Wild-type average peak current shown in (C) and (E) was from pooled data. See also Figure S2. specifically required for the NMDAR-mediated component of the glutamate-gated current, leaving the AMPAR-mediated component intact.
To isolate the NMDAR-dependent component, we measured currents in response to application of NMDA, an NMDAR-specific agonist. In wild-type worms, we measured a slow-onset current that was eliminated in nmr-1(ak4) mutants ( Figure 2B ). This is consistent with previous results showing that NMDAgated current is dependent on nmr-1 and nmr-2 Kano et al., 2008) . We were unable to detect current in either the nrap-1(ak365), nrap-1(ok3474), or nrap-1(gk874318) mutants, indicating that NMDA-gated current is also dependent on nrap-1 (Figures 2B and 2C) .
To confirm that mutations in nrap-1 were causative for the disrupted NMDAR-mediated current, we carried out genetic rescue experiments and found restoration of NMDA-gated currents in transgenic nrap-1(ak365) mutants that expressed a functional Pnrap-1::nrap-1::mCherry transgene (Figures 2B and 2C) . Indeed, overexpression of NRAP-1 significantly increased NMDAR-mediated current compared to wild-type, a result consistent with the behavioral rescue ( Figure 1B) . Together, our results show that nrap-1 is specifically required for the NMDARmediated component of the glutamate-gated current in vivo.
We next asked whether expression of NRAP-1 in specific subsets of neurons was sufficient to rescue NMDA-gated current in AVA. We found full rescue when NRAP-1 was expressed in presynaptic glutamatergic neurons using the eat-4 promoter ( Figures 2D and 2E ). This result was consistent with our studies showing that NRAP-1 was expressed in EAT-4-expressing neurons ( Figure 1F) . Surprisingly, we also found full rescue of NMDA-gated current when the nmr-1 promoter was used to ectopically express NRAP-1 in postsynaptic interneuons, including AVA, that normally express NMDARs, and when expression was limited to AVA using the flp-18 promoter ( Figures 2D and 2E ). Imaging of functional fluorescently tagged NRAP-1 and NMR-2 ( Figure S2 ) expressed in AVA revealed co-localization of the two proteins along the AVA processes ( Figure 2F ). Thus, NRAP-1 expressed cellularly either in trans or in cis co-localized with NMDARs and rescued NMDA-gated currents in nrap-1 mutants.
We next asked whether NMDAR function was dependent on the cellular source of NRAP-1 secretion by ectopically expressing NRAP-1 in body wall muscle cells using the myo-3 promoter. Although small, we were able to measure NMDA-gated current in the AVA interneurons of transgenic nrap-1 mutants that expressed Pmyo-3::nrap-1::mCherry in muscle cells (Figures 2D and 2E) . These results suggest that although NRAP-1 can diffuse from distant sites, NRAP-1 needs to be expressed in cells that are in close juxtaposition to NMDARs to be fully functional, i.e., near sites of synaptic contact.
As discussed earlier, we found homologs of NRAP-1 in organisms such as Drosophila melanogaster and Apis mellifera (Figures S1B and S1C). We next addressed whether these homologs were able to functionally compensate for the loss of NRAP-1 by measuring currents in transgenic nrap-1 mutants that expressed either Drosophila or Apis NRAP using the nrap-1 promoter. We found partial rescue of the NMDA-gated current in transgenic nrap-1 mutants that expressed either Pnrap-1::Apis nrap (10.0 ± 1.5 pA, n = 3) or Pnrap-1::Dro nrap (18.0 pA, n = 1), indicating evolutionary conservation of function ( Figure 2G ).
NMDARs Localize to Synapses in nrap-1 Mutants
To address whether the diminished NMDA-gated current in nrap-1 mutants was a consequence of a change in the number or surface expression of postsynaptic NMDARs, we generated transgenic strains that expressed a functional fusion protein (SEP::mCherry::NMR-2) ( Figure S2 ) where NMR-2 was tagged at its N-terminal extracellular domain with a tandem array of two fluorophores: superecliptic phluorin (SEP), which is quenched at the acidic pH of intracellular vesicles, but visible when at the relatively alkaline pH of the extracellular space, and mCherry, which is not appreciably dependent on vesicular pH (Miesenbö ck et al., 1998) . Punctate mCherry and SEP fluorescence was visible in transgenic wild-type worms and nrap-1 mutants that expressed SEP::mCherry::NMR-2 ( Figure 3A ), indicating that the localization of NMDARs was not appreciably dependent on NRAP-1. Furthermore, we observed no obvious difference in SEP fluorescence in nrap-1 mutants (0.84 ± 0.20, n = 9; normalized to wild-type, 1.0 ± 0.13, n = 10), suggesting that the mutation in nrap-1 had no significant effect on NMDAR surface expression.
We also addressed the converse question: Is the localization of NRAP-1 dependent on NMDARs? In transgenic strains that expressed functional SEP::mCherry::NRAP-1 ( Figure S2 ), we observed punctate mCherry and SEP in transgenic wildtype worms and nmr-1; nmr-2 double mutants ( Figure 3B ), with no significant difference in SEP fluorescence in the mutants (1.39 ± 0.35, n = 9; normalized to wild-type, 1.0 ± 0.20, n = 8), indicating that the localization of NRAP-1 was not wholly dependent on NMDARs. These experiments also provide additional evidence that NRAP-1 is extracellular and localized to synapses. However, because we do not have sufficient spatial resolution to distinguish presynaptic from postsynaptic NRAP-1, we cannot determine from these data whether NMDARs contribute to the stabilization of NRAP-1 at postsynaptic sites.
To address whether the localization of NRAP-1 was in part due to a direct interaction with NMDARs, we examined NRAP-1::GFP distribution in transgenic nmr-1; nrap-1 nmr-2 triple mutants that co-expressed Pmyo-3::nrap-1::gfp (ectopically expressed in muscle cells) with functional fluorescently tagged NMR-1 and NMR-2 ) ( Figure S2 ) expressed in the AVA neurons. We observed a punctate distribution of NRAP-1::GFP that co-localized with mCherry in the AVA processes ( Figure 3C ). In contrast, we did not observe a GFP signal along the neural processes in NMDAR mutants that expressed soluble mCherry in AVA ( Figure 3D ). Together, these data strongly suggest that secreted NRAP-1 physically interacts with postsynaptic NMDARs, but NRAP-1 could also interact with additional synaptic molecules.
Our finding that NRAP-1 localizes to synapses, along with the electrophysiological and behavioral defects we observed in nrap-1 mutants, is consistent with defective NMDAR-mediated synaptic transmission. To address this more directly, we examined endogenous synaptic transmission. We measured miniature synaptic events in a genetic background that allowed us to isolate the glutamatergic component (Method Details). When the NMDAR-mediated current was eliminated in these worms (nmr-1 mutants), we observed large, rapidly deactivating currents, consistent with AMPAR-mediated events, that were absent in nmr-1; glr-1 mutants ( Figure S3A ). The AMPAR-mediated synaptic events in nmr-1; nrap-1 mutants were indistinguishable from nmr-1 mutants ( Figure S3A ).
We next isolated the NMDAR component by measuring endogenous activity in glr-1 (AMPAR) mutants and observed small, slowly deactivating currents that were consistent with the known kinetics of NMDAR-mediated miniature synaptic events ( Figure S3B ) (Prybylowski et al., 2002) . In comparison, we observed no such miniature events if we also disrupted NMDARs (nmr-1; glr-1 mutants) or NRAP-1 function (glr-1; nrap-1 mutants) ( Figure S3B ). Furthermore, application of recombinant NRAP-1 (Method Details) was sufficient to restore NMDAR-mediated miniature synaptic events in glr-1; nrap-1 mutants ( Figure S3B ). These data further support our hypothesis that nrap-1 specifically modulates NMDAR function and is required for NMDAR-mediated synaptic transmission.
NRAP-1 Functions as an NMDAR Auxiliary Protein
Our finding that surface NMDARs are not appreciably altered in nrap-1 mutants suggests that the lack of NMDA-gated current in nrap-1 mutants is a consequence of defective NMDAR function. To test this hypothesis, we turned to reconstitution experiments in Xenopus oocytes. We did not detect glutamategated currents in oocytes injected with cRNA encoding the NMR-1 and NMR-2 subunits. However, when we co-injected cRNAs for NMR-1, NMR-2, and NRAP-1, we recorded large, glutamate-gated or NMDA-gated currents ( Figures 4A  and 4B ). We did not detect current from oocytes that expressed NRAP-1 alone, or in combination with either one of the NMDAR subunits ( Figures 4A and 4B) . These results are consistent with our genetic studies that tested the necessity of nmr-1, nmr-2, and nrap-1 for NMDAR-mediated current and behavior (Figures 1 and 2) Kano et al., 2008) (Leonard and Kelso, 1990) . We found that the replacement of extracellular Ca 2+ with Ba 2+ reduced the peak amplitude of NMDA-gated currents and slowed the apparent decay kinetics in oocytes that expressed NMR-1, NMR-2, and NRAP-1 ( Figure 4C ). This result indicates that C. elegans NMDARs are Ca 2+ permeable, and is consistent with previous studies of recombinant vertebrate NMDARs expressed in Xenopus oocytes (Leonard and Kelso, 1990 ).
The anticonvulsant MK-801 is a non-competitive antagonist of vertebrate NMDARs that blocks the ion pore. We found that this drug was also a partial antagonist of C. elegans NMDARs ( Figure 4D ). Another drug known to influence iGluRs is the lectin Concanavalin-A (Con-A), which is best known for blocking desensitization of KARs and AMPARs (Partin et al., 1993; Thalhammer et al., 2002) , but can also enhance NMDAR-mediated currents (Yue et al., 1995) . Interestingly, we found that Con-A blocked receptor desensitization and enhanced NMDA-gated currents in oocytes that expressed NMR-1, NMR-2, and NRAP-1 ( Figure 4E ).
Con-A enhances receptor-mediated current by stabilizing the open state of the channel and preventing receptor desensitization; thus, it blocks the conformational change from an open, ligand-bound state to a ligand-bound but closed and nonconductive state (Partin et al., 1993) . To address whether NRAP-1 acts in part as a negative regulator of desensitization, we asked whether Con-A application can rescue NMDA-gated currents in oocytes in the absence of NRAP-1. While we failed to detect glutamate-gated currents in oocytes that co-expressed NMR-1 and NMR-2, following the acute application of Con-A, glutamate application elicited large currents that were partially and reversibly blocked by the NMDAR antagonist MK-801 ( Figure 4F ). In contrast, we did not detect glutamategated currents from uninjected oocytes either in the presence or absence of Con-A. Given the rapid time course of the effect and the known mechanism of action of Con-A, these results are most consistent with a model in which Con-A shifts nonfunctional heteromeric NMR-1/NMR-2 NMDARs to a functional state by modifying channel properties, rather than other potential mechanisms such as new protein synthesis or membrane insertion of receptors. Recombinant NRAP-1 Restores NMDA-Gated Current in nrap-1 Mutants Our electrophysiological analysis, together with the results of our imaging experiments, suggests that NRAP-1 secreted from presynaptic glutamatergic neurons modulates NMDAR function. To test this hypothesis, we asked whether the acute application of recombinant NRAP-1 to nrap-1 mutants in vivo could switch non-functional NMDARs to a functional state. As shown earlier, we were unable to detect NMDA-gated currents in nrap-1 mutants; however, we recorded large NMDA-gated currents in these mutants following the application of conditioned medium (CM) from NRAP-1 transfected HEK293 cells ( Figure 5A ). In contrast, no current was detected after the addition of CM from non-transfected HEK293 cells (control media; Figure 5A ). In control experiments, recombinant NRAP-1 had no apparent effects on glutamate-gated currents mediated by AMPARs ( Figure 5B ; nmr-1 mutant, 462 pA; nmr-1 mutant plus recombinant NRAP-1, 444 pA). The rapid restoration of NMDA-gated currents by acute application of recombinant NRAP-1 demonstrates the essential role of NRAP-1 for NMDAR function and further supports our hypothesis that NMDARs are present on the cell surface in nrap-1 mutants ( Figure 3A) .
NRAP-1 Knockdown in Presynaptic Neurons Reduces NMDA-Gated Current in Postsynaptic Cells
We found NRAP-1 expression in presynaptic, glutamatergic neurons ( Figure 1F ), but not in postsynaptic neurons that express NMDARs ( Figure 1G ). These findings, together with the ability of recombinant NRAP-1 to rescue NMDA-gated current in nrap-1 mutants, are consistent with a model in which presynaptic release of secreted NRAP-1 modifies the function of postsynaptic NMDARs. However, our reconstitution experiments in Xenopus oocytes (Figures 4A and 4B ) and promoter rescue experiments in vivo (Pnmr-1 and Pflp-18; Figures 2D and 2E ) indicate that NRAP-1 can function cell autonomously in postsynaptic neurons. Although we did not detect expression of the nrap-1::SL2::gfp reporter construct in postsynaptic neurons, the formal possibility remains that these neurons might be the relevant source of NRAP-1 for NMDAR function.
To further test whether presynaptic release of NRAP-1 was required for NMDAR function, we used RNA inactivation (RNAi) to selectively knock down nrap-1 in presynaptic, glutamatergic neurons using the eat-4 promoter. We found that NMDA-gated current was dramatically reduced in postsynaptic AVA neurons of transgenic worms that expressed Peat-4::nrap-1(RNAi) (9.5 ± 1.3 pA, n = 3) ( Figure 5C ). The small current that remained in these knockdown worms is consistent with both the known inefficiency of RNAi in providing complete knockdown of gene function and the cellular mosaicism associated with extrachromosomal delivery of the knockdown construct in transgenic worms.
The effects of RNAi were rescued following addition of recombinant NRAP-1 with the peak NMDA-gated current increasing approximately 10-fold following NRAP-1 application ( Figure 5C ). These results, together with our cellular expression data, are in strong support of a model in which NMDAR function depends on NRAP-1 secreted from presynaptic neurons. Additionally, these experiments confirm that in the absence of presynaptic NRAP-1, NMDARs are stably present at the cell surface.
Three additional lines of evidence support our hypothesis that NRAP-1 is secreted from presynaptic neurons and diffuses to postsynaptic NMDARs. First, small NMDA-gated currents can be recorded from transgenic nrap-1 mutants where the only source of NRAP-1 is from a transgene expressed in muscle cells ( Figures 2D and 2E) . Second, localization of GFP::NRAP-1 to the AVA processes, when ectopically expressed in muscle cells, was dependent on NMDAR expression ( Figures 3C and 3D ). Third, a functional NRAP-1::mCherry C-terminal fusion was observed in coelomocyte scavenger cells ( Figure 1J ). Thus, our data support a model in which NRAP-1 secreted from presynaptic glutamatergic neurons diffuses to postsynaptic sites, where it binds to and modulates the function of NMDARs ( Figure 5D ). Alternatively, additional mechanisms might act to stabilize NRAP-1 at synapses ( Figure 5E ). Both models are consistent with the diffusion of secreted NRAP-1, but the second model postulates that some fraction of secreted NRAP-1 is maintained at synapses by mechanisms distinct from an association with NMDARs. By examining the effects of recombinant NRAP-1 in wild-type and mutant worms, we sought to distinguish between these alternative models.
Recombinant NRAP-1 Increases NMDA-Gated Current in Wild-Type Worms In vertebrates, surface NMDARs are relatively stable (Horak et al., 2014; Lavezzari et al., 2004; Won et al., 2016) and NMDA-gated currents do not appreciably run down during typical whole-cell patch-clamp experiments (Harris and Pettit, 2007) . To examine the stability of NMDA-evoked currents in our in vivo C. elegans preparation, we measured currents in the AVA neurons in response to repeated applications of NMDA. In wild-type worms, we found little rundown of current during a typical whole-cell patch-clamp experiment in which the bath volume was constantly perfused (bath exchange time typically less than 30 s) ( Figure 6A ). Notably, when we measured currents in nrap-1 mutants following acute application of recombinant NRAP-1, we found that the average peak current (115.0 ± 52.9 pA, n = 3) was larger than that found in wild-type (38.6 ± 6.2 pA, n = 10). However, in contrast to wild-type worms, the NMDA-gated currents rapidly diminished in magnitude with washout of recombinant NRAP-1 ( Figure 6B ).
The differential effects of bath perfusion on NMDA-gated currents in wild-type worms compared to currents following application of recombinant NRAP-1 in nrap-1 mutants suggest that recombinant NRAP-1 is more easily displaced than endogenous NRAP-1. Additionally, the larger peak currents observed with addition of recombinant NRAP-1 compared to wild-type suggest that a subset of NMDARs are functionally silent secondary to limiting amounts of NRAP-1.
To test this possibility, we compared NMDA-gated currents in wild-type worms before and after the application of recombinant NRAP-1, and following NRAP-1 washout. We observed stable NMDA-gated currents that were dramatically increased with the addition of recombinant NRAP-1 ( Figure 6C ). Following washout, the current magnitude returned to the baseline value recorded prior to the addition of NRAP-1.
Our finding that NMDAR-mediated current is increased following addition of recombinant NRAP-1 is consistent with the increased current measured in transgenic worms that overexpressed NRAP-1 ( Figure 2B ). Together, our results indicate that the number of functional NMDARs depends on NRAP-1 levels. Thus, in wild-type worms, a large pool of non-functional (silent) NMDARs is present on AVA, suggesting that secreted NRAP-1 might be used as a mechanism to modulate synaptic strength by regulating the number of functional NMDARs. 
Reconstitution of NMDAR Function in Muscle Cells Is Dependent on NRAP-1
We next asked whether the effects of recombinant NRAP-1 depend on factors present in AVA or at AVA synapses. That is, could we use recombinant NRAP-1 to reconstitute NMDAR function in heterologous cells? In preliminary studies in Xenopus ooctyes, we were unable to reconstitute currents by the addition of recombinant NRAP-1 presumably because the vitelline membrane that surrounds oocytes limits access of NRAP-1 protein (Cristofori-Armstrong et al., 2015) . Therefore, we attempted reconstitution of NMDAR function in C. elegans muscle cells.
We could not detect NMDA-gated currents in muscle cells in transgenic worms that expressed NMR-1 and NMR-2 under control of the myo-3 muscle-specific promoter ( Figure 6D ). However, when NRAP-1 was also ectopically expressed in muscle, we could elicit small NMDA-gated current ( Figure 6E ). This is consistent with our reconstitution studies in Xenopus oocytes, where NMDA-gated currents depended on co-expression of NMR-1, NMR-2, and NRAP-1 (Figure 4) . With the addition of recombinant NRAP-1, we measured large NMDA-gated currents in transgenic worms that expressed either NMR-1 and NMR-2 ( Figure 6D ) or NMR-1, NMR-2, and NRAP-1 (Figures 6E and 6F ) in muscle cells. These currents rapidly diminished during washout of NRAP-1 from the bath ( Figures 6D and 6F ), indicating that this phenomenon was not specific to neuronally expressed NMDARs. However, in contrast to currents in AVA ( Figure 6C ), we found that the increase in current with addition of recombinant NRAP-1 was typically 20-to 30-fold, suggesting that NRAP-1 was either not well expressed in muscle, was processed differently, or was more easily washed out because of a lack of stabilizing factors.
Our demonstration that the dramatic effects of recombinant NRAP-1 on NMDA-gated currents can be reversed in minutes by washout (bath exchange) suggests that the association between NRAP-1 and NMDARs is relatively unstable, and that other factors contribute to the stability of endogenous NMDAR-mediated currents. Immunoprecipitation data support the notion that NRAP-1 is not tightly associated with NMDARs. We expressed epitope-tagged NMR-1, NMR-2, and NRAP-1 in Xenopus oocytes, i.e., the combination of proteins sufficient to reconstitute NMDA-gated currents (Figure 4 ), and were able to co-immunoprecipitate NMR-1 and NMR-2, but not NRAP-1, using an antibody directed against epitope-tagged NMR-1 (Figure S4 ). This result indicates that heterologously expressed NRAP-1 does not tightly associate with NMDARs and suggests that additional proteins or processes contribute to NRAP-1 modulation of NMDAR function in vivo.
NRAP-1 Modifies the Gating of NMDARs
We made the unexpected discovery that many NMDARs in wildtype neurons are non-functional, and that they can be rapidly converted to functional receptors following addition of recombinant NRAP-1 (Figures 5 and 6 ). To address how NRAP-1 might contribute to the gating of NMDARs, we examined currents in response to rapid uncaging of glutamate. We did so to avoid potential confounds secondary to delivery of drug by pressure perfusion in which exchange times are typically greater than 10 ms and might obscure the true kinetics of receptor activation. Therefore, we activated NMDARs by rapid photorelease of glutamate (<1 ms exchange). Using our standard in vivo recording preparation, we included MNI-caged-L-glutamate (1 mM), which can be uncaged by UV light to release glutamate in a defined region (Sobczyk and Svoboda, 2007) . We used a 1 ms pulse of UV light (405 nm) to illuminate a small circular area (8 mm in diameter) centered on the AVA processes in the nerve ring. To isolate the NMDAR-mediated current, we recorded currents from a genetic background that removed interfering ligand-gated currents (Method Details).
With light uncaging, we were able to reproducibly elicit NMDAR-mediated currents and reduce noise by averaging multiple current records in glr-1 mutants ( Figure 7A ). In response to uncaging, we measured currents similar in time course to those we previously measured in response to the slower pressure perfusion of glutamate or NMDA (Figure 2) . This was expected, since both the activation and deactivation kinetics of NMDARs are slow when compared, for example, to the rapid kinetics of AMPARs (Erreger et al., 2004) . However, as with nmr-1; glr-1 mutants, even with averaging we were unable to detect glutamate-gated currents in glr-1; nrap-1 mutants ( Figure 7A) .
We then examined individual current records for more subtle evidence of NMDAR activity. In glr-1 mutants, we observed large-amplitude, noisy current traces, consistent with the parallel activity of independent channels ( Figure 7B ). In contrast, we did not detect current or single-channel events in nmr-1; glr-1 mutants, indicating that these currents were mediated by NMDARs ( Figure 7C) . Notably, we observed infrequent, single-channel events in glr-1; nrap-1 mutants following light activation in the presence of MNI-glutamate ( Figure 7D ), but not with light-only controls (data not shown). The channel activity was sporadic and the first appearance of channel opening typically occurred tens to hundreds of ms following glutamate uncaging.
To gain a better understanding of the relation between NRAP-1 and single-channel activity, we added recombinant NRAP-1 to glr-1; nrap-1 mutants and used glutamate uncaging to elicit NMDAR-gated currents. We then measured the current during the washout of NRAP-1 ( Figure 7E ). Using this strategy, we could clearly observe that the probability of channel events decreased with washout of NRAP-1. Importantly, the currents during washout were not simply scaled versions of the initial current. Instead, it appeared that the time-dependent probability of channel opening following uncaging decreased as NRAP-1 was washed out.
DISCUSSION
Presynaptic NRAP-1 Mediates Trans-synaptic Regulation of NMDARs We have described the identification and characterization of nrap-1, a gene that encodes a secreted, LDLa domain-containing protein required for NMDAR function and NMDAR-mediated synaptic transmission and control of behavior. NRAP-1 appears to be specifically required for NMDARs, as AMPAR-mediated current was not disrupted by the loss of nrap-1, and we observed additive behavioral defects in glr-1; nrap-1, but not nrap-1 nmr-2, double mutants. We demonstrated that NRAP-1 is expressed in presynaptic glutamatergic neurons, yet co-localizes with and modulates the function of postsynaptic NMDARs. This suggests a model in which NRAP-1 secreted from presynaptic neurons locally diffuses to and associates with NMDARs.
This model is further supported by our observation that NRAP-1 ectopically expressed in muscle cells not only co-localized with postsynaptic NMDARs, but was also able to partially rescue NMDAR-mediated current in nrap-1 mutants. Two lines of evidence indicate that NRAP-1 diffusion is limited, however, and that NRAP-1 acts locally (synaptically) to modify NMDAR function. First, we did not detect NMDA-gated currents in muscle cells of transgenic worms that expressed NMR-1 and NMR-2 in muscles, with either normal levels of NRAP-1 from the endogenous nrap-1 gene or overexpression of NRAP-1 using its native promoter (data not shown). Second, we detected only very small currents in the AVA neurons of transgenic nrap-1 mutants that highly overexpressed NRAP-1 specifically in muscle cells (Figure 2 ).
The addition of recombinant NRAP-1 to the extracellular medium of nrap-1 mutants was sufficient to rapidly restore NMDA-gated current, indicating that NRAP-1 modifies receptor function and consistent with our hypothesis that NRAP-1 is not required for NMDAR surface expression. This observation, together with our reconstitution studies in Xenopus oocytes and C. elegans muscle cells, demonstrates that NRAP-1 functions as an NMDAR auxiliary protein that modulates receptor function. We also found that addition of the lectin Con-A increased current magnitude in oocytes that expressed NMR-1, NMR-2, and NRAP-1, and restored current in oocytes that expressed only NMR-1 and NMR-2. In vertebrates, Con-A is best known for modulating desensitization of kainate and AMPARs (Partin et al., 1993) , but it can also enhance currents mediated by NMDARs (Yue et al., 1995) . Because NRAP-1 and Con-A both impart function to C. elegans NMDARs, we hypothesize that NRAP-1 might in part modify the rate of NMDAR desensitization, or recovery from desensitization. In this model, NMDARs are non-functional unless associated with NRAP-1.
We were unable to detect an effect of Con-A on either AMPARor NMDAR-mediated currents recorded from AVA interneurons in C. elegans (data not shown). The extent of protein glycosylation varies between different cell types (Vernon et al., 2017) , and glycosylation of receptors in AVA might be insufficient for Con-A interaction. However, adding recombinant NRAP-1 rescued NMDA-gated currents in nrap-1 mutants, and was necessary to reconstitute NMDA-gated currents in muscle cells that ectopically expressed NMR-1 and NMR-2.
Application of Recombinant NRAP-1 Revealed the Presence of Silent, Non-functional NMDARs
We found that addition of recombinant NRAP-1 to wild-type worms increased the magnitude of NMDA-gated current in AVA neurons. The increased current was dependent on the continued presence of recombinant NRAP-1. With exchange of the bath solution, the current rapidly approached the smaller peak magnitude measured prior to the addition of NRAP-1. These findings have several important implications. First, they suggest that a sizeable percentage of NMDARs are non-functional and might exist in a chronically desensitized state, but one that can be awakened by the addition of NRAP-1. Second, they indicate that the availability of NRAP-1 regulates the strength of NMDAR-mediated synaptic transmission. This notion is supported by behavioral and electrophysiological data from transgenic worms that overexpressed NRAP-1. Thus, NMDAgated currents were significantly larger in these transgenic worms, resulting in a reduced average forward duration compared to wild-type worms (Figures 1 and 2 ).
NRAP-1 Modifies NMDAR Kinetics
We have provided multiple lines of evidence indicating that NMDARs are at synapses, but inactive, in nrap-1 mutants. These include analysis of endogenous synaptic events, reconstitution studies, the rapid effects of recombinant NRAP-1, imaging of synaptic NMDARs, and finally, glutamate uncaging experiments, which facilitated the analysis of NMDAR activation. In response to glutamate uncaging using a brief (1 ms) pulse of UV light, we observed characteristic activation of NMDAR-mediated currents. These currents were absent in nrap-1 mutants, but could be rescued by addition of exogenous NRAP-1. Subsequent washout of NRAP-1 was particularly informative. The current elicited by uncaging progressively decreased in amplitude until only single-channel events were detected. With additional washout, the interval between single-channel events increased, resulting in an overall decrease in the number of events. These data provide a dramatic demonstration of the functional unsilencing of NMDARs by NRAP-1. Kinetic schemes for activation, desensitization, recovery from desensitization, and deactivation are exceedingly complex (Erreger et al., 2004; Iacobucci and Popescu, 2017) ; thus, a complete and quantitative description of the concentration-dependent effects of NRAP-1 on receptor function requires more detailed single-channel analysis.
Trans-synaptic Regulation of Postsynaptic Receptor Function Our results suggest a novel, trans-synaptic regulation of NMDARs that participates in the control of synaptic transmission. Our findings might also be relevant to current models of experience-dependent plasticity. Thus, modifying either the secretion or synaptic stabilization of NRAP-1 might be mechanisms used to regulate the number of functional NMDARs, thereby modifying synaptic strength. With respect to secretion, it is of essential importance to identify the release machinery and whether patterns of synaptic activity differentially modify the probability of NRAP-1 secretion. With respect to stabilization, are molecules co-released that modify the stability of NRAP-1 at synapses? Do additional molecules contribute to the stability, localization, or processing of synaptic NRAP-1, and how might these molecules and processes be regulated? One possible stabilization mechanism is the membrane anchoring of secreted proteins by glycosylphosphatidylinositol (GPI) linkage; however, NRAP-1 does not contain an obvious consensus sequence for GPI linkage. Regardless of the specific mechanisms, it is of significant interest to consider the impact of silent synaptic NMDARs on synaptic plasticity, and how receptors might switch between silent and functional states. Perhaps inactive, extrasynaptic NMDARs can switch to functional receptors when modified by activity-dependent secretion of NRAP-1.
Auxiliary Subunits Modify Function of All Classes of iGluRs
Our identification of NRAP-1 as an NMDAR auxiliary protein revealed a new class of iGluR auxiliary protein that employs a novel cellular mechanism to modify synaptic transmission. It is notable that all iGluR auxiliary proteins identified to date, whether secreted (NRAP-1) or a multi-or single-pass transmembrane protein (Brockie et al., 2013; Farrow et al., 2015; Schwenk et al., 2009; Straub and Tomita, 2012; Wang et al., 2012; Zhang et al., 2014) , modify the functional properties of iGluRs, in particular the kinetics of receptor desensitization. Thus, these proteins can modify synaptic information processing by altering the band-pass characteristics of individual synapses.
This study firmly establishes the general principle that iGluR function, including NMDARs, is regulated by auxiliary proteins and highlights the value of genetic approaches to identify novel components required for synaptic function in vivo. Given the functional conservation of iGluR complexes documented to date, we can confidently predict that additional auxiliary proteins will be discovered. We anticipate that future studies will shed light on the orchestration of interactions between iGluR subunits and their auxiliary proteins at different synapses and cell types. With respect to NMDAR-mediated signaling, it will be of great interest to determine whether neuronal activity or retrograde postsynaptic signals modulate synaptic transmission by altering NRAP-1 expression, secretion, or synaptic localization and stability.
Our identification of NRAP-1 might provide a valuable target for pharmacological intervention in neurological and psychiatric disorders. Because of the ancient origin of the LDLa domain and its widespread occurrence in vertebrate proteins, we predict that functional homologs of NRAP-1 will be identified in vertebrates. Such was the case for SOL-1, an AMPAR auxiliary protein first identified using a genetic approach in C. elegans (Zheng et al., 2004) , with related proteins subsequently identified in vertebrates (Straub and Tomita, 2012) . Over a hundred human proteins contain LDLa domains, often in multiple repeats. Importantly, LDLa-containing proteins are found in the brain and in synaptic preparations, and have been implicated in neurological and psychiatric disorders (Nakajima et al., 2013; Vasli et al., 2016; Wasser et al., 2014; Xu et al., 2011) .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: two fluorescent signals within the ROI. Statistical significance between the PCC and that expected for no co-localization (a PCC value of 0) was determined using a one-sample, one-tailed Student's t test (McDonald and Dunn, 2013) . Quantification of SEP fluorescence in transgenic worms that expressed either SEP::mCherry::NRAP-1 or SEP::mCherry::NMR-2 was achieved by drawing a ROI along the VNC and measuring the ROI area and Integrated Density (IntDen) using ImageJ. A background measurement adjacent to the VNC was also made and the average fluorescence (corrected for background signal and ROI area) was determined: IntDen -(area x background).
Behavioral and electrophysiological studies
The average duration of forward movement (forward duration) was determined as previously described Zheng et al., 2004) , with the exception that a given worm's movement was observed for 5 minutes. All behavioral assays were performed blind using young adult worms.
For electrophysiological recordings from AVA interneurons and muscle cells in vivo, drug delivery (3 mM glutamate or 1 mM NMDA) was by pressure application (Picospritzer II) and ligand-gated currents were measured using Patchmaster v2x73 (HEKA Electronik) and standard patch-clamp technology as previously described (Zheng et al., 2004) . Cells were held at either +40 mV or -60 mV.
For rapid glutamate-uncaging (Sobczyk and Svoboda, 2007) , we included MNI-caged-L-glutamate (1 mM) (ChiroBlock GMBH) in the preparation, and uncaged in a defined circular region using a 1 ms pulse of UV light (405 nm) that was 8 mm in diameter and targeted to AVA processes in the nerve.
To isolate current mediated by iGluRs in response to glutamate uncaging, and iGluR-mediated endogenous miniature synaptic events in AVA, all strains used in these experiments included the avr-14(ad1302) (GluCl channel subunit) and acr-16(ok789) (acetylcholine receptor subunit) mutations.
For expression in Xenopus oocytes, cRNAs were generated using mMessage mMachine (Invitrogen). Oocytes were injected with 5 ng of each cRNA using a Sutter NA-1 microinjector (Sutter Instruments) and maintained in Modified Barth's Saline for 4-8 days at 15 C. Two-electrode voltage clamp recordings were performed as previously described (Walker et al., 2009 ). All recordings were made in a Ringer's solution (NFR) consisting of NaCl (115 mM), CaCl 2 (1.8 mM), KCl (2 mM) and HEPES (10 mM) with pH adjusted to 7.4 with NaOH; or a Barium Ringer's where BaCl 2 (1.8 mM) replaced CaCl 2 . Current electrodes were filled with KCl (3 M) and had resistances of approximately 0.5-1.5 MU. Voltage electrodes were filled with KCl (3 M) and had resistances of approximately 1-5 MU. Oocytes were held at -70 mV, and agonists or antagonists (NMDA, glutamate and MK-801) were applied by superfusion for 5 s. Concanavalin-A (2 mg/ml) (Sigma-Aldrich) was bath applied and allowed to incubate for 5-6 minutes to see potentiation of agonist-gated currents. Data were analyzed using IGOR Pro 7 (Wavemetrics).
Recombinant NRAP-1 and immunoprecipication
To generate recombinant NRAP-1, HEK293 cells (80%-90% confluent) were transfected with pDM2564 (nrap-1 in pCDNA3.1) DNA and Lipofectamine 2000 (Invitrogen) for 6 hr in minimal Opti-MEM media. Complexes were removed before adding complete media and cells were allowed to grow for 6 days at 37 C and 5% CO 2 without changing the media. Conditioned media was then collected and spun at 1000 x g to pellet cells and debris before concentrating approximately 50-fold in Amicon Ultra-15 10K centrifugal filter (Millipore). Activity was seen with application of 50 ml of concentrated media. Concentrate was also run on LDS-PAGE gels and stained with Coomassie Brilliant Blue R-250. No band was discernible compared to non-transfected control media.
For immumoprecipitation experiments, isolated stage V to VI Xenopus laevis oocytes were injected with 10 ng of each cRNA and incubated for 6 days in Modified Barth's media. Oocytes were collected in ice-cold IP buffer (150 mM NaCl, 25 mM Tris pH 7.5, 1% TX-100, 1 mM EDTA, 10% glycerol with cOmplete protease inhibitors (Sigma); 20 ml/oocyte) and homogenized with a microcentrifuge tube pestle. Lysates were spun at 1000 x g to pellet cell debris and carefully transferred to a fresh tube, with minimal transfer of yolk protein. 150 ml of total lysate was incubated with 2 mg of HA-probe antibody (sc-7392, Santa Cruz Biotechnology) on ice for 2 hr. 10 ml of Protein A-Agarose conjugated resin (sc-2001, SCBT) was washed and equilibrated with IP buffer before adding to immune complexes and agitated overnight at 4 C. Samples were washed 3x with ice-cold IP buffer and protein was eluted by incubation with 2x Laemmli sample buffer and heating at 85 C for 5 min. Samples were run on Bolt Bis-Tris 4%-12% gels (Life Technologies) and transferred to nitrocellulose membranes. Blots were blocked overnight at 4 C in Odyssey Blocking Buffer (LI-COR) and PBS plus 0.1% Tween-20. Identical blots were tested with either HA-probe (F-7, mouse monoclonal, sc-7392, SCBT) or c-Myc (9E11, mouse monoclonal, sc-47694, SCBT) and anti-FLAG antibody (rabbit polyclonal, F7425, Sigma). Blots were then treated with IRDye 680LT goat anti-rabbit and IRDye 800CW goat anti-mouse secondary antibodies and imaged with Odyssey Scanner (LI-COR).
QUANTIFICATION AND STATISTICAL ANALYSIS
Replication and randomization Behavioral experiments (forward duration) were performed on young adult worms. The genotypes were randomized and the experiments were performed over multiple days to limit the effects of daily variation with all genotypes included each day. The behavioral assays reported in this study (performed by P.J.B.) were reproduced by N.L. (data not shown).
Electrophysiological recordings from AVA neurons and muscle cells in vivo were performed over multiple days with wild-type control animals included each day. Recordings were reproduced by measuring currents in multiple dissected animals per genotype (as stated in the figure legend).
Sample sizes used in this study were in accordance with previously published data. No data were excluded from the analysis.
Blinding
Blinding was achieved by assigning random numerical labels to each genotype. The number assigned to each genotype was revealed to the experimenter at the conclusion of the experiment.
Statistics
Statistical comparisons (software: GraphPad Prism 7) were performed using either a non-parametric Mann-Whitney U test (when sample sizes were small, i.e., n < 10), an unpaired (two-tailed) t test with Welch's correction, or a one-sample, one-tailed Student's t test as indicated in the figure legends and Results, and presented as mean ± standard error of the mean (SEM). Groups were considered statistically differenct from one another if p < 0.05. Samples sizes are listed in the figure legends and no statistical methods were used to predetermine sample size.
DATA AND SOFTWARE AVAILABILITY
Sequence data for the nrap-1 cDNA has been deposited in GenBank with the accession number GenBank: MF282010.
